10-21-05;* 4:06PM;J.C. PATENTS 



1 57 1 273S3O0 



; 1 94-9660O809 



# 7/18 



AppUcation No.: 10/761,992 Docket No,: JCLA11796 

REMARKS 

Applicants respectfully submit that applicant's admitted prior art (hereafter PA) in view 
of Rhodes et al. (U.S. 2004/0178430; hereafter Rhodes) is legally deficient for the purpose of 
rendering claims 1-7 unpatentable because the reference or references, taken alone or combined, 
fails to teach or suggest each and every element recited in the claims. The Applicants have 
further added claims 12-15 to improve clarity. After entry of the foregoing amendments^ claims 
1-7 and 12-15 remain pending in the present application, and reconsideration of those claims is 
respectfully requested. 

The Applicant's invention is directed to a method of fabricating an image sensor device. 
As for the shallow trench isolations formed around the photo sensitive region, there is an anti- 
reflective layer formed therein to reduce the light reflected from the bottom and the sidewall of 
the trenches. Therefore, the image sensor device of the present invention reduces light reflection 
at the bottoms and sidewalls of the shallow trench isolation regions. It means that the area of the 
effective photo sensitive region of the image sensor device increases, and currents generated at 
the photo sensitive region is enhanced. 

However, the PA fails teach or suggest that an anti-reflective layer is formed in the 
shallow trench isolation regions to reduce the reflection light from the bottom and the sidewall of 
the shallow trench isolation regions. Moreover, Rhodes fails to teach or suggest that the thin 
insulating layer 154 can be used as an anti-reflective layer. Instead, Rhodes emphasizes that the 
thin insulating layer 154 is formed to aid in smoothing out the comers of stress in the dielectric 
material used to later fill in the trenches (paragraph [0044]). That is, Rhodes focuses on the 
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comer stress problem and solves the problem by using the physical property of the thin insulating 
layer 154, 

'Tarticular findings must be made as to the reason the skilled artisan, with no knowledge 
of the claimed invention, would have selected these components for combination in the manner 
claimed." In re Kozab> 217 F.3d 1365, 1371 (Fed. Cir. 2000). "In other words, the examiner 
must show reasons that the skilled artisan, confronted with the same problems as the inventor 
and with no knowledge of the claimed invention, would select the elements form the cited prior 
art reference for combination in the manner claimed" In re Rouffet. 149 F.3d 1350, 1357 (Fed. 
Cir. 1998). Apparently, although Rhodes' application is with respect to the photodiode, Rhodes 
never raises the issue of light reflection from the bottom and the sidewall of the trenches. 
Furthermore, it is well known in the art that the material layer for rounding the comers of the 
trench is formed imder a relatively high temperatiure so as to change the stress of the comers of 
the trench. Therefore, the material layer formed under the high temperature formation recipe 
does not necessary possess the anti-reflective property. 

Additionally, in response to the assertion in the Office Action that 'the modified 
invention of Admitted prior art, as modified by the teaching of Rhodes would not have light 
reflection because nitride acts as anti-reflection layer". Applicants respectfully submit that the 
material of the anti-reflective layer is not limited to the nitride material. The spirit of the present 
I invention is to form the material layer with anti-reflective property in the shallow trench isolation 

i 

regions for blocking the reflection light from the bottom and the sidewall of the trenches. The 
use of the nitride material for forming the anti-reflective layer in the shallow trench isolation 
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regions is one of the examples recited in the present invention. Applicants respectfully submit 
that it is not proper to analogize the thin insulating layer to be the anti-reflective layer just 
because some of the selected materials for forming the anti-reflective layer are as same as those 
for forming the thin insulating layer. Furthermore, as indicated in Exhibit A (B. Kim, S.S. Han, 
T.S. Kim, B.S. Kim and LJ. Shim, "Modeling Refraction Characteristic of Silicon Nitride Film 
Deposited in a SiH4-NH3-N2 Plasma Using Neural Network", IEEE Transaction on Plasma 
Science, Vol. 31, No. 3, June 2003), the refraction index of the silicon nitride film varies with the 
proportion of the NH3 to the gas mixture of NH3 and SiH4 in the plasma for forming the silicon 
nitride film* That is, while the flow rate of flie NH3 is increased from 220 seem to 260 seem at 
180 seem, the silicon nitride film becomes more transparent (page 320, Section C, paragraph 2"*^). 
Apparently, not all the silicon nitride film can be an anti-reflective layer. The key for die silicon 
nitride film to be an anti-reflective layer dq)ends on the formation recipe of the silicon nitride 
film. Nevertheless, none of the PA and Rhodes recites that the silicon nitride insulating film is 
form to be an anti-reflective layer by using specific manufacturing process. "The mere fact that 
the prior art may be modified in the manner suggested by the Examiner does not make the 
modification obvious unless the prior art suggested the desirability of the modification." In re 
Fritch, 972 F.2d 1260, 1266, 23 U.S.P.Q.2d 1780 (Fed Cir. 1992). Since not only the PA fails to 
tech or suggest the formation of the anti-reflective layer in the shallow trench isolation regions 
but also Rhodes fails to imply that the thin insulating layer 154 can be an anti-reflective layer, 
Applicants respectfully submit that the modification of the PA by referring to Rhodes' 
application does not render the present invention obviousness. 

Page 7 of 9 

PAGE 9/18 * RCVD AT 10/21/2005 7:10:09 PM [Eastern Daylight Time] • SVR:USPTO-EFXRF-6/24 * DNIS;2738300 • CSID:1 0406000809 « DURATION (mm-ss):07-38 



1 0-2 1 -05 4 : 06PM ; J. C. PATENTS 



15712738300 



; 1 9496600809 



# 10/ 18 



Application No.: 10/761,992 Docket No.: JCLA11796 

In light of the amendmmt and the foregoing discussion, claims 1 is not anticipated by 
prior art and are believed to be patentably distinguished from the cited art so that the 
reconsideration and withdrawal of the Office Action*s rejection on claim 1 under 35 U-S.C § 103 
are respectfully requested. Additionally, claims 2-7 respectively depend from claims 1, so that 
claims 2-7 are believed patentable based on the above remark. 

Newly Added Claims 

AppUcants have added claims 12-15 for re-defining the present invention by introducing 
that the anti-reflective layer is formed within the isolation structure. It is believed that no new 
matter is introduced into the application by adding the new set of claims. 

For at least the above reasons that PA in view of Rhodes fails to teach or suggest each 
element in the claims. Applicants respectfiilly submit that the combination of PA and Rhodes 
does not render claims 12-15 unpatentable. 
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CONCLUSION 

For at least the foregoing reasons, it is believed that the pending claims 1-7 and 12-15 are 
in proper condition for allowance. If the Examiner believes that a telephone conference would 
expedite the examination of the above-identified patent application, the Examiner is invited to 
call the undersigned. 



Respectfully submitted, 
J.C. PATENTS 



Date: ^/ / ^^S' Qg Zi^ 

Jiawei Huang ^ 
4 Venture, Suite 250 Registration No. 43,330 

Irvine, CA 92618 
Tel: (949) 660-0761 
Fax: (949)-660-0809 
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Modeling Refraction Characteristics of Silicon 
Nitride Film Deposited in a SiH4-NH3-N2 
Plasma Using Neural Network 

Byungwhan Kim, Seung-Soo Han, Tae Scon Kim. Member, lEEE^ Bmn Soo Kim, and 11 Joo Shim 



Ahstract-^Hiooiti nitride has been deposited naing plasma-en- 
hanced chemical deposition (PECVD) equipment The PECVD 
process was characterized by conducting a 2^"^ fractioiuil facto- 
rial experiment on six experimental fiictors, indndini; substrate 
teotperature, pressure, radio frequency power» ammonia 
NHa, sUane SiH4, and nitrogen Na flow rates. Refractive char- 
acteristics of the deposited film Mere examined by modeling 
tbe refractive Index as a fanctlon of exDerintentai factors. A 
heiium-neon laser with a wavelengtb 6328 X was used to measure 
the refractive index* To evaluate the approprlateneu of the model, 
Che networt( trained with 32 experiments tvas then tested with IZ 
experiments not pertaining to the training data. Several learning 
factors involved in training aenral networks were optimized and 
an accurate prediction model with the root mean-squared error 
of 0.018 was achieved. Compared to statistical regression model, 
the nenral networic model demonstrated an Improvement of more 
than 65%. UslBg various three-dimensional plots, underlying 
deposition mechanisms were qoalitaHvely estimated. Fbr the 
Itanlted experimental ranges, the index biereased with increasing 
SiH4 flow rate. With an increase in either NHs or Na* meanwhile, 
tbe index decreased consistently. The Index also increased with 
increasing substrate temperature or pnssures. Hie effects of the 
temperature were very complex as ft interacted with other fiictors. 

Imter ISrrms^Modeling, neural networks, plasma^hanced 
chemical vapor deposition (PECVD), siUcon nitride film. 



L iNTRDDUCnON 

DEPOSITION of silicon nitride (SIN) film is one of the 
most critical processes that detennine the efficiency of 
solar cells. The SiN film is widely used as the passivation layer 
for fabricating semiconductor devices due to the properties of 
good adherence and high resistance to migrating sons, mois- 
tures, surface oxidation. Tbe SiN film is frequentiy deposited 
using plasma-enhanced chemical deposition (PECVD) [IH^]. 
PECVD of SIN is advantageous in that die fihn can be deposited 
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at lower substrate temperatures while yielding a good surface 
insulation. From the standpoint of manufacturing aspects, 
moreover, this technique provides such advantages as high 
throughput, good uni^imity, and excellent reproducibility. 

Film qualities of PECVD SiN depend on many experimental 
fitctors along with hardware variables. Predicting film properties 
is very important to their optimization as well as to gain insight 
into underlying deposition mechanisms. Forplasma^irivcn pro- 
cesses, it has been a difficult Caslc to construct prediction models 
due to complex particle interactions within a plasma. Analytical 
models basing on in-depth first principles are subject to many 
assumptions due to physical phenomena hard to understand and 
characterize. As a qualitative approach, neural networks have 
been applied to model pure plasma discharges [1 0], [ II ), chem- 
ical vapor deposition (CVD) process [l2]-{i7], find etch pro- 
cesses [ISH^S]- Neural network models demonsorated consid- 
erable hnpTOvement in prediction accuracy over statistical re- 
sponse sur^ce models in modeling plasma [10]» [29] snd etch 
process [18]. Han et aL examined SiN film properties by con- 
structing neural netwotk models [12]. Ahhough this study ex- 
amined several process qualities simultaneously, it is somewhat 
linuted in tliat very £bw aspects of each piooess quality could be 
revealed. 

In this study, one important process quality — ^a refractive 
index — is exclusively studied in detail. The experimental data 
used here is the same as the previous one [12]. However, tbe 
predictive model constructed is much more accurate compared 
to previous models [i2]» [13]. This enables the StN deposition 
process to be understood more clearly. Using the model, those 
aspects previously not examined are studied. The SiN film was 
deposited using a Plasma-Therm 700 series PECVD system 
in a SiH4'NH3-N2 plasma [12]. The deposition process was 
characterized by a central composite^rcumscribed (CCC) 
experimental design [30]. The experimental factors that were 
varied in the design include a sul^trate temperature, pressure, 
radio frequency (RF) power, NF3 flow rate, SiH4 flow rate, 
and N2 flow rate. The refractive index was measured with a 
laser photoconductive decay (PCD) tester. The 32 experiments 
from the design including one center point were used to train 
neurel networic and trained networic was tested on remaining 12 
experiments for its appropriateness. Among many paradigms, 
the backpropagation neural networic (BPNN) [31] was chosen 
for modeling due to its popularity in plasma process modeling. 
Effects of several important factors involved in network training 
were optimized systematically. 
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TABLE I 

Ex CtRIMENTAL FACTORS 



Paiameten 




Unit 


Substrate Tempexature 


20(MO0 




Pressure 


0.6-1.2 


Ton- 


RF Power 


2(M0 


Watts 


NHsFlow 


1-1.4 


seem 


SiHiFtow 


180^60 


socm 




ClOOO 


seem 



IL Experimental Deiails 

StN films iuvestigated in this study were dqiositcd in a 
Ptasma-Thetm 700 series batch reactor operating at 13.56 MHz 
using NH3, SiH4, and nitrogen as feed gases. To characterize 
this process, it was employed the CCC exp»inienta3 design 
consisted of 2°~^ fractional expettment and 12 axial points. 
One center point was also added. Those 32 experiments 
including one center point were used to train neural network. 
Prediction performance of trained network was then tested with 
the additional 12 experiments. The experimental factors that 
were varied in the design are included in Table I. Three-inch 
float zone p-type silicon wafers, with (100) orientation and a 
reststhdty of 2.0 Sl-cm, were used as the substrates. During the 
dq)osition» SiH4 was diluted to 2% in nitrogen. Approximately 
0.05-/im silicon ntttide was deposited. Refinactive index to 
be modeled was measured a helium-neon laser having a 
wavelength of 6328 A, 

III. Fundamentals OF Neural Network 

The BPNN architecture consists of three k^ers of neu- 
rons^input layer, hidden layer* and output layer. The input 
layer receives external information such as that tepresented 
by the six process parametets shown in Table I. The output 
layer transmits the data and, thus, corresp<mds to the various 
deposition responses. In this stwiy, the number of neurons 
in the output layer was set to unity sbice one response was 
modeled. The BPNN also incorporates "hidden" layers of 
neurons that do not interact with the outside world, but assists 
in perfonning nonlinear feature extraction on the data provided 
by the input and output layers. Here, the number of the hidden 
layer was set to unity since this three-layered network is 
generally understood to leain arbitrary relationships between 
the input and output patterns. 

The activation level (or firing strength) of a neuron is deter- 
mioed by a bipolar sigmoid function denoted as 



OUti.jb = 



(1) 



where in^,* and outi^jk indicaie the weighted input to the 
tth neuron in the kth layer and output from that neuron, 
respectively. The Gb represents the gradient of the bipolar 
sigmoid Amction and determines the activation level of neuron. 
The BPNN adopted here uses a linear function hi the ou^ut 
layer while maintaining the bipolar sigmoid fimction (I) in 
the hidden layer. This architecture has proven effective to 



improving prediction accuracy of BPNN [32]. The linear 
function is expressed as 



outi,fc = ini,k ' Gl 



(2) 



where Gi r^resents the gradient of the linear function. For a 
given set of training factors, both gradients in (1) and (2) are to 
be optimized to improve the prediction accuracy 

The backpropagation (BP) algorithm by which die network 
is trained begins with a random set of weights (i.e.» connec- 
tion strengths between neurons). The Euclidean distance in the 
weight space the network attempts to minimize is the accumu- 
lated error (E) of all the input^output pairs, which is expressed 
as 



(3) 



where q is the number of output neurcMis, is die desired output 
of the jth neuron in the output layer, and out^ is the calcukited 
output of that same neuron. In BP algorithm, this error is to 
be minimized via the gradient descent optimization, in which 
the wei^ts are a(Susted in the direction of decreasing the E 
in (3). A basic weight update scheme, commonly known as the 
generalized delta rule^ is expressed as 

Wij^k{m -hi) = Wijj,{m) + r/A Wv.i.*(m) (4) 

where Wi^j^k is the connection strength between fte j th neuron 
in the layer and diie tth neuron in the layer A:, and A Wi^jk 
is the calculated change in the weight to minhnize the E in (3) 
and defined as 



dE 



(5) 



Other parameters m and r/ indicate the iteration number and an 
adjustable parameter called "learning rate," respectively. The 17 
was set to O.Ol in this study. By adjusting the weighted connec- 
trans recursively usmg dte rule (4) for all the units in the net- 
work, the accumulated B for all training vectors is to be mini- 
mized. 

rV. QUALTIATIVE iNTERPRETArroN 

A, Optimization ofNeund Network Model 

Many training factors are mvolved m optimizing prediction 
capability of neural network etch models [21], [29]. These ro- 
elude training tolerance, mmiber of hidden neurons, gradients 
of activations functions, and magnitude of initial weight dtstri- 
bocion. The training tolerance (T) determines the overall quality 
of the network modeling capability by specijfying the accura<^ 
of neuron outputs. At each training epoch, it is given by 

|;(d^-out,)2 



(6) 



where k represents the total number of trammg vectors and it is 
33 in this studty. Complexity in optimizing the effects of trainiiig 
ftctors arises fiom random nature of mitial weights. As reported 
in [29], Ibis can partly be circumvented by generating multiple 
models for a given set of traixung factors. Each training fkctor 
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TABLE il 

Estimated Regression CosFnaENTS 



Recession Coefficients Fitted CtefBclents 



A -0.963954 
0.023132 

A -0.011257 
A -0.971635 
A 0321094 
A 0.004569 
A -O.00026S 
Ai 0.000001 
Ai 0XM»417 
A* -0.000500 
As -0.000009 
Ad 0.0000002 
As 0.003125 
0.004063 

As 0.000029 
A« -0.000003 
A. 0.020S33 
A$ OJ000970 
A» O.000042 
Aj ^.002227 
Af 4.000038 
0.000001 
-0.000044 



were experimentally varied for a fixed experimenial range in 
a sequentially way. First, the training tolerance, hidden ncu- 
nms, and initial weight distribution were varied and their op- 
timal values found are 0.10, 6, and :k0.5, respectively. Predic- 
tion error of the refractive index model at these values is 0.0224. 
The prediction error quantified with the root mean-squared enor 
(RMSE) metric was obtained from the test data, consisted of 
12 axial points. The two gradients defined earlier were subse- 
quently varied from 0.5 lo 1 S with an increment of 0.2 and from 
0.5 to 2.5 with an increment of 0.4 for bipolar sigmoid and linear 
functions, respectively. A total of 36 oombinations of gradients 
were, therefore, generated. For each combination, 200 multiple 
models were generated, of which one best model was then se- 
lected. Finally, one optimal model with the smallest RMSE was 
determined from 36 best models. Hie optimal model was ob- 
tained at the gradients of 0.7 and 1 .3 for bipolar and linear func- 
tions, respectively. The coirespondnig RMSE of 0.0 i 8 demon- 
strates 19.2% improvement over the error obtained in the pre- 
ceding optimization. As compared to the fuzzy logic model with 
the RMSE of 0.0448 appeared in [1 3], this illustmtes 59.6% im- 
provemenL To compare with the statistical tegressioo model, 
the refractive index data were fit to a quadratic polynomial ex- 
pressed as 

k k 

where y is the etch response, I3i and are the xegrasion co- 
efficients, and Xi is the legressor varii^le corresponding to a 
process parameter. As stated earlier, an mdex k denotes ±e total 
number of process parameteis. The estimated xegression coeffi- 
cients are contained in Table II. The RMSS of the regression 
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Fig. 1. Evaluatku of psediciion perforamnce of neural aecwortc refrBCtive 
index model 

model obtained is 0.052. Compared to the regression model, 
the neural network model, thus, exhibits about 65.3% improve- 
ment in the prediction accuracy. A significant improvement over 
liizzy or statistical regression mode? is, thus, illusmued. With 
this high prediction aocura^, the characteristics of refiactive 
index can, thus, be interpreted more cleaciy. To ilhistrate the 
accuracy of the model, the predictions from the models for 12 
test experiments are compared to corresponding acmal measure- 
ments in Fig. 1. As depicted in Fig. 1, neural network model 
yields better predicticms at five cases (#1, ^^2, #5, #7, and #9). 
The improvement is conspicuous at three cases (#1, #2, and #5). 
At six cases {#4, #7, #10, #1 1, and #1 2). their prediction ca- 
pabilities seem to be con^rabie. In only one case (#3), the re- 
gression model is better than neural network oounteipait. From 
this comparison, it is revealed that neural network model is su- 
perior to statistical model in prediction capability. By plotting 
various three-dimensional (3-D} plots from the predictive model 
constructed, behaviors of refractive index are examined qualita- 
tively as a f\mction of experimental factors. 

B. Effects of SiH^ and Substrate Temperature 

Fig, 2 shows a refraction index versus SiH4 and substrate tem- 
perature. The otiier RF powe^ pressure, NH3, and Nj were set 
to 30 W, 0.9 torr, 12, and 500 seem, respectively. As depicted 
in Fig. 2, the index increases linearly with an increase in SilU 
flow rate at low 200 **C. 

A simultaneous increase in either SiH or NH bond was ob- 
served from Fourier transform infrared spectroscopy (FTIS) [6]. 
The index increasing with S>H4 flow rate in Fig. 2 can closely 
be correlated to increasing either Si/N [5] or SIH/NH bond rario 
[6]-[8]. The effect of H content seems insignifrcanl since at a 
relatively high ratio of SiH4 with respect to NH3, the total hy- 
drogen coxktent remains almost constant. In the interpretation of 
Fig. 2, this is valid since the NH3 flow rate in Fig. 2 was set to 
very small amount of 1.2 seem. Meanwhile, Si-rich silicon ni- 
tride films showed poorer dielectric stability as illustrated by a 
decrease in the breakdown electric (E) filed as well as the film 
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Fig. 2. ReiVactive index a» a function of SUU flow rate and substrate 

insulation deteriorated due to relatively higher H content [7]. 
For the same variations in SiJHU flow rate, ±e increase in the 
radex is greatly suppressed at high 300 ^^C. 

As seen m Fig. 2, the index increases with increasing the tem- 
perature at 180 seem SiH4. This can be explained by higher 
Si-N and lower H contents with an increase in the tempera- 
ture [7]. At higher temperatures^ the increase in the mdex seems 
wealcened greatly. This is supported from tite experimental data, 
in which the index initially increased considerably from 2.09 
to 2.19 as the temperature increased from 200 ''C to 250 °C at 
220-sccm SiH4. At the increased flow rate of 260 seem, how- 
ever, the index varies little with no consistency. This phenom- 
enon has rarely been reported. This is mainly due to a shift in 
plasma condition, whete the SH/NH ratio already increased ap- 
preciably at higher Silii flow rate. As a result, refractive index 
is expected insensitive to variations in substrate temperature as 
the fihn contains fiiirly laiger Si. 

C. Effects o/SiHa andNHs 

Fig. 3 plots a refraction index as a fioiction of SiH4 and NH3. 
The other power, pressure, temperature, and N2 were set to 30 
W, 0.9 toiT, 250 ^C, and 500 seem, respectively. The ratio of 
SiRi and NH3 was once reported to have strong impact on the 
index [6]-[8]. Both SiH4 and NH3 are dissociated into radicals 
and atomic hydrogen, which passivate dangling bonds in silicon 
surface. A nitrogen (N) atom is deposited into the film from 
the NH3 molecule by the dissociative adsorption, which is ex- 
pressed as 

NH3-N+|h2. (8) 

As depicted in Fig. 3> the index linearly increases with an in- 
crease in SiH4 at 1.4-sccm NHs. As already explained, diis is 
due to increased oontent of SL This linear increase occurs over 
an entire range of NH3. At the reduced 1-sccm NH3, the index 
increases more conspicuously than at L4-5ccm NH3. Less N 
content at 1-sccm KH3 is the main contributor to this phenom- 
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Fig. 3. Refractive liidex as a function of SiH4 flow rate and NH:i flow rate. 




{Hta} 20 200 Siito«iTMfialin 



Fig. 4. Refractive index as 8 flmctioii of RF power and sidnlnielonipem^ 

enon. In other woids, the film incorporates higher Si content 
compared to N content. 

As depicted in Fig. 3, the index varies very little with in- 
creasing NH3 flow rate at 180 seem SiH^. When increasing the 
flow rate to a medium level of 220 seem, the index then de- 
creases noticeably wid> an increase in NH3 flow rate. This is 
consistent with experimental data* in which the index decreased 
fiom 2.23 to 2.1 3. Tliis phenomenon becomes more transparent 
at further increased flow rate of 260 seem. This is mainly at- 
tributed to the N content, which has ahieady been increased con- 
siderably by dissociating SiHi compared to that at lower 180 
seem. This irnplies that the NH3 affects refractive index strongly 
at higher SiH4. From the standpoint of device quality, N-rich 
SiNz film results in better characteristics of thin film transistor. 

O. Effects of RF Bower and ^tbstrate Temperature 

Fig. 4 shows a refraction index as a function of RF power and 
substrate temperattire. Other parameters were set to their default 
values. Namely, pressure* NH3, SiKi, and N2 were set to 0.9 
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torr, 1.2, 220, and 500 sccjii, respectively. As depicted in Fig. 4, 
tbe index inidany increases witb an increase in the temperature 
and then saturates. The temperatures at which Oie saturation be- 
gins are different depending on (he level of power. As already 
reasoned, this increase stems from a higher S-N content and a 
lower H content. Also, the index remaining almost constant at 
extremely high temperatures can be reasoned well by referring 
to tbe experiments that increasing H ilow resulted in an increase 
in Si-N ratio [9\, This implies that the decreased H content at 
higher temperanires led to a reduction in the Si/N ratio, thereby 
suppressing the increase of total Si/N ratio. The increase in the 
index at 40 W is more noticeable con^)aced to that at 20 W. 
This is clear indicative that ion bombardment is involved in in- 
creasing refractive index. 

At high temperature of 300 ^C, as displayed in Fig. 4, the 
index increases with increasing RF power. This is because 
denser film is formulated at increased power, which in turn 
is induced by the removal of reaction byproducts much 
cilitated by enhanced ion bombardment However, excessive 
ion bombardment can degrade sur&ce passivation. This is 
partly supported from the experimental data for effective life 
time of the film measured witfi a laser PCD tester* which 
decreased firom 58 to 56 with an increase in RF power from 20 
to 40 W with other parameters set at their de&ult values. At 
a mid-temperature of 250 °C, the index appears to vary little 
despite an increase in the power This is in good agreement with 
the experimental data, in which the index increased from 2.14 
to 2.15 only by 0.01 for the same increase in the temperamre. 
In contrast to the index behavior at 300 ^C, the index appears 
to decrease slightly with mcreasing power at low 200 °C. An 
illustrative example Is that the index decreased from 2.12 fo 
1.71 with increasing power at the same 200 ^C. The other 
pressure, NH^, SiH4, and N2 were set to 1.2 torr, I, 180, and 
1000 seem, respectively. A decrease in the Si-H-N-H can thus 
be expected, which is incurred by the film composition at 200 
^C, with less Si-N bonds and higher H-content, as observed 
firom Fig. 4» the index varied in a great complexity with RF 
power depending on the temperature. This is supported fiom 
a similar ]^enomenon once noticed In the Si-N ratio as a 
fimction of RF power [9]. 

E, Effects of Substrate Temperature and 14^ Flow Rate 

Fig. 5 shows interaction effects of substrate temperature and 
N2 flow rate on a reftactive hidex. The other power; pressure, 
NH3, and SiH4 were set to 30 W» 0.9 torr, 1:2, and 220 seem, 
respectively. As already observed in Fig. 4, the index increases 
with increasing the temperature and then saturates to a constant 
value. Observing this behavior over an entire range of N2 flow 
rate implies that the interaction e£fect of N2 on die index is little 
as the temperature is varied. In contrast, the index decreases 
with an increase in N2 flow rate. This b^avior coincides with 
previous experiments [7] axkl can be supported fiY)m many ex- 
perirnents conducted in this study* As an ilhistration, the index 
at 250 ''C decreased from 2.19 at to 2.12 witb increasing cfae 
N2 flow rate from 0 to 1000 seem. This decreasing behavior 
is clearly represented on the corresponding response surfaces in 
Fig. 5. This decrease can be explained by the decreasing SH-NH 



FILM 




Fig, 5. Reiinetfve index as a fiuKtion of N9 and substraie temper^ttire. 




Ti^. 6. Rdractive index as a functloa of pressuxe and RF power. 

ratio, which in turn is incurred by the increasingly absorbed N 
content. 

E Effects of Chamber Pressure and RF Pdwer 

Fig. 6 depicts a refractive index as a fimction of chamber pres- 
sure and RF powec The other substrate temperature, RF power, 
NH3, and SiH4, andNs were set to 250 ""C, 30 W, 1.2, 220, and 
SOO seem, respectively. With increasing the pressure at low 20 
W, the index initially increases drastically and then saturates. 
This exactly coincides with the behavior of experimental data, 
in which the index initially increased appreciably from 2,06 to 
2. 1 6 with increasing the pressure from 0.6 to 0.9 torr, and it then 
remained at 2.16 for further increase in pressure to 1 .2. The in- 
creasing index is closely related to increased collision rate at 
high pressures, whereby the fihn is likely to deposit more regu» 
laily. Meanwhile, the increase in the index implies an increase 
in Si content. As depicted in Fig. 6, the index increases slightly 
with RF power, which is observed over an entire range of pres* 
sure. This is indicative that RF power affects the index indepen- 
dently of pressure. 
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V. Conclusion 

Using neural networks, refractive index of silicon nitride 
films deposited in a plasma was modeled. A statistical 2^"^ 
factional factorial experiment was conducted to characterize 
fiactor effects on the index. By optunizing training &ctors, very 
accurate prediction model was achieved as demonstrated irom 
the coii^>arisons with previous models. With reference to the 
relative contents of Si. N, or H, underlying deposition mech- 
anisms were qualitatively estimated. Behaviors of the index 
with fiictors coincided with previous studies as well as some 
experiments preformed here. The index behaved consistently 
with SiH4, N2, and NHa flow rates. However, RF power and 
substrate temperature showed complex behaviors dependiiig on 
the levels of factors. 
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